~" In order to study cerebrospinal fluid (CSF) absorption across the dural sinus wall, the effect of CSF pressure (recorded from the cisterna magna) on dural venous pressure (recorded from the transverse sinus) was investigated in groups of rats at 2, 10, 20, and 31 days after birth and in adulthood. At normal resting pressures there was no positive pressure gradient between the CSF and sinus venous blood in 2-, 10-, and 20-day-old rats, but in 3 l-day-old and adult rats there was a positive gradient of 16 and 12 mm H20, respectively. A series of constant-rate infusions of artificial CSF was made into the cisterna magna, and subsequent plateaus in both CSF and venous blood were recorded. The gradient of a plot of plateau pressure against infusion rate gave the overall resistance to absorption of the CSF for each age group, which was higher in 2-and 10-day-old rats than at three older ages. The effect on dural venous pressure was age-related, with the largest increase at 2 days, the smallest at 20 days, and no effect at 31 days or in adults. The pressure difference between CSF and sinus blood has been used to calculate resistance to absorption across the sinus wall. This showed that the high overall resistance to drainage in young rats can be largely accounted for by the rise in sinus pressure. It is concluded that drainage of CSF into the sinuses is greatly restricted in young animals.
T

HE classical view of cerebrospinal fluid (CSF)
drainage is that it takes place from the subarachnoid space into the cranial venous sinuses through the arachnoid villi, with accessory routes via lymphatic pathways. ~9 Arachnoid villi were first observed in the wall of the sagittal sinus in large mammals, such as dogs and cats, ~ and probably exist in all mammalian species although in smaller animals they are less conspicuous. In the rabbit, for example, they were observed at the base of the cranium rather than in the wall of the sagittal sinus 12 and, in rats, structures similar to villi have been found in the wall of both the sagittal sinus and the torcular. 5 The driving force for absorption across the villi is the hydrostatic pressure difference between CSF and venous blood. 6-~6 When the CSF pressure rises, a compensatory rise in CSF absorption across the sinus wall depends on the venous pressure remaining constant; if an increase occurs, it should be less than that in the CSF. A number of experimental studies in adult dogs have shown that the venous pressure in the sagittal sinus does not increase when the CSF pressure is raised, ~~~ and the same is true for monkeys. ' 5 In a group of adult patients with brain tumors and intracranial hypertension, the majority showed no change in sagittal sinus pressure when the CSF pressure was raised? 1 In cats, on the other hand, when the CSF pressure was raised there was an increase in sagittal sinus pressure which was around 50% of the rise in CSF pressure. ~7 The response of CSF pressure to constant-rate infusion into the CSF (a technique introduced by Davson, et al)) has been used to measure the resistance to absorption of the CSF in a large number of species) By this method, the CSF pressure rises to a plateau level which depends on the rate of infusion, and at a steady state the rate of inflow equals the rate of absorption.
Thus, Q = (Pcs~-Pv)/R, where Q = infusion rate, Posy = CSF plateau pressure, Pv = venous pressure, and R = resistance to absorption. If Pv does not change with Posy, then for a range of infusion rates: R = A Pcs~=/AQ; and for a plot of Posy against Q, the gradient equals the resistance to absorption (R). Using this formula, we have found that the resistance to absorption is high in neonatal rats and mice but it falls to adult values after 10 days. A possible explanation for this high resistance in young animals is that venous pressure (Pv) does increase during infusion, requiring the CSF pressure to rise to a higher level to achieve the same absorption rate. If this were the case, a modified formula would be required to calculate the resistance across the sinus wall: R = d~(Pcsv -ev)/aQ.
These experiments have investigated the possibility that the high resistance to CSF absorption in young animals occurs because the venous sinus pressure is not independent of CSF pressure. A preliminary report of some of these experiments has been published elsewhere. 7
Materials and Methods
Rats from the CFY strain were anesthetized at 2, 10, 20, or 31 days after birth or as adults by intraperitoneal injection of pentobarbital, 30 to 60 mg/kg. In the younger animals, a glass micropipette with a tip diameter of approximately 100 ~m or, for 31-day-old adult rats, a metal cannula was placed in the cisterna magna and sealed in position with cyanoacrylate glue. The pipette or cannula had previously been filled with artificial CSF and attached to a pressure transducer* to record CSF pressure and to a syringe-drive pump for infusion. A small area of skull was removed to expose the surface of the transverse sinus about 2 mm lateral to the confluence with the sagittal sinus, and a glass micropipette filled with heparinized was saline inserted into the vein and sealed. It was attached to a second transducer to record venous pressure and to a second pump for slow infusion of heparinized saline to keep the tip patent. Both transducers were zeroed immediately prior to insertion of the pipette or cannula by placing the tip in a small drop of saline at the same level as the site of insertion. As soon as possible after insertion, stable resting levels for CSF and venous pressures were recorded.
For each animal, a series of constant-rate infusions was made into the cisterna magna and CSF pressure responses were recorded until the resulting plateau levels were stable for at least 2 minutes. Changes in venous pressure, which usually occurred after a few seconds' delay, and the corresponding venous plateau levels were also recorded. The maximum infusion rate was limited according to age from 6.5 ul/min at 2 days to 17 or 25 tA/min in adult rats, in order to keep maximum CSF pressures in the range of 200 to 275 mm H20. Correct placement of the transverse sinus pipette was confirmed by the observation of blood pulsations at the tip. Additionally, in some experiments, Evans blue albumin was infused through the sinus pipette at the end of the experiment and the absence of blue color over the brain observed post mortem confirmed correct placement in the sinuses. The results were analyzed by analysis of variance for resting pressures and by linear regression for infusion experiments.
* Pressure transducer, Model P23BB, Statham Instrument Co., Oxnard, California.
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Resting Pressures
There was a general increase in CSF pressure with age ( Fig. 1) , with a significant increase seen in 31-dayold rats (37 mm H20) compared to 20-day old rats (20 mm H20: p < 0.01). The transverse sinus pressure, on the other hand, did not change with age and for the three youngest age groups it was not significantly different from the CSF pressure. In 31-day-old and adult rats the venous pressure was significantly lower than the CSF pressure by 16 and 12 mm H20, respectively (p < 0.05), thus ensuring a good gradient for CSF drainage at normal CSF pressures.
Response to Infusion
Infusion of artificial CSF resulted in a rise in CSF pressure which subsequently leveled off to a plateau. A plot of CSF plateau pressure (Pcsv) against infusion rate (Q) for individual rats was linear at all ages studied. There was, however, a tendency to depart from linearity at high infusion rates in some 2-day-old rats, as reported previously, m and consequently recordings at the highest infusion rate were omitted from the linear regression analysis for 2-day-old rats (see below). For each infusion rate, the mean Posy and the mean venous plateau pressure (Pv) were calculated using pooled results from six or seven rats at each age. The gradients of Pcsv on Q were calculated for each age group by linear regression analysis and were significant at all ages (p < 0.01, Fig. 2A) . The resistance to absorption of the CSF (APcsv/AQ, Table 1 * Column 2: Gradients of the regressions of CSF pressure (Pcsv) on infusion rate (Q) for a series of constant-rate infusions into the CSF (resistance to absorption in mm H20. rain. ul-~). Column 3: Gradients of the regressions of transverse sinus pressure (Pv) on infusion rate. Column 4: Gradients of Pv on Pcsv from the same data used in columns 2 and 3. Column 5: Values for resistance to CSF absorption (mm HzO.min.ul -~) corrected for changes in venous pressure. All gradients were calculated from the mean plateau pressure of five to seven rats using five to seven infusion rates. All regressions except those denoted not significant (NS) were significant at the level p < 0.05. sinus pressure (Pv) to the same infusions also depended on age (Fig. 2B and Table 1 c o l u m n 3), and the linear regressions were significant at 2, 10, and 20 days of age (p < 0.05) but were not significant for 31-day-old or adult rats. Thus, the gradient 2xPv/AQ decreased with age more rapidly than for 2xPcsv/2xQ such that there was no significant effect on Pv by 31 days after birth (Table 1 c 
o l u m n 3).
The dependency of Pv on Pcsv was examined by linear regression analysis (Fig. 4) . The effect of PcsF on   FIG. 3 . Changes in resistance to absorption of the cerebrospinal fluid (CSF) with age calculated simply from the gradient of CSF plateau pressure (Pcsv) against infusion rate (Q) (filled circles) and also from the hydrostatic pressure gradient, Pcsr -Pv, against infusion rate (Q) (open circles). Pv = venous plateau pressure. Each point is calculated from the pooled data from six and seven rats at each age.
Pv decreased with age (Table 1 c o l u m n 4) from a gradient of 0.82 at 2 days to 0.61 at 10 days and to 0.34 at 20 days (p < 0.001). At 31 days there was a small but significant (p < 0.05) negative gradient because Pv decreased slightly, and in adult rats there was no significant relationship between the Pv and Posy 9
The rate of CSF drainage across the sinus wall depends on the hydrostatic pressure difference (PcsvPv), and when CSF pressure increases the pressure   FIG. 2 . Plots of cerebrospinal fluid plateau pressure (Pcs~) against infusion rate (A) and transverse sinus plateau pressure (Pv) against infusion rate (B) for rats at 2, 10, 20, and 31 days after birth and for adults. Each point is the mean for six or seven rats, and the lines were calculated by linear regression analysis. The gradients are given in Table 1 difference should also increase if equilibrium is to be restored. Plots of (Pcsv-Pv) against PcsF (Fig. 5) showed that (Pcsv-Pv) increased with a slope close to unity for 31-day-old rats and adult rats. In younger rats, however, the slope is reduced to 0.7 at 20 days, 0.4 at I0 days, and 0.2 at 2 days.
Discussion
These experiments have shown that, in young rats, there is no positive hydrostatic pressure gradient between the CSF and the transverse sinus at normal "resting" pressures and that during conditions of raised CSF pressure dural venous pressure also increases. The magnitude of the increase in dural venous pressure is clearly related to age, with the largest effect in the youngest (2-day-old) rats and with smaller effects at 10 days and smaller again at 20 days. The most favorable situation for CSF drainage is in rats from 31 days old on, which have a positive hydrostatic gradient at resting pressures and in which the dural venous sinus pressure either decreases slightly, or is independent of, the CSF pressure.
A site in the transverse sinus close to the junction with the sagittal sinus was chosen for the pressure recording because it is downstream from the sagittal sinus and the torcular (bmh recorded sites for arachnoid villi in the rat 5) and it can be assumed that the venous pressure at the villi could not have been less than at the recording site. The mechanism for the rise in transverse sinus pressure is likely to be the transmission of CSF pressure through the dura and the sinus wall, which may be thinner and more elastic in young animals. This must take place downstream from the measurement site and probably occurs between the pipette and the exit of the veins from the skull.
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Measurements of cerebral venous pressure in dogs 23 have shown that when intracranial pressure rose, although there was an increase in pressure in the small veins on the surface of the brain, there was no change in the sagittal sinus pressure. On the other hand, when respiratory distress caused changes in central venous pressure, there were corresponding increases in sagittal sinus pressure with consequential increases in CSF pressure. In the experiments reported here, a rise in dural venous pressure due to changes in central venous pressure did occur occasionally, but this could be distinguished from the changes due to experimental increases in CSF pressure by the fact that the increase in venous pressure slightly preceded the rise in CSF pressure, rather than the reverse.
These experiments and an earlier report J~ have shown that young rats have a high resistance to CSF absorption (APcsF/2xQ). This value is the overall effective resistance to absorption of the CSF from the subarachnoid space, and drainage routes may include others in addition to the cranial sagittal and transverse sinuses, such as arachnoid villi in other sites (for example, spinal villi) 2' and lymphatic drainage pathways. 4'~3 From the results obtained, it is possible to calculate the true resistance to absorption across the wall of the sinus /x(P~.sv -Pv)/ AQ (Table 1 column 5 ). This gives values for resistance for 2-and 10-day-old rats which are much closer to the overall resistance (APcsdAQ) for the older age groups (Fig. 3) . Thus, a substantial part of the high overall resistance to drainage at 2 days and all of the resistance at 10 days can be accounted for by the increase in dural venous sinus pressure. Whether or not this indicates that the cranial venous sinuses are the chief drainage routes in young rats cannot be determined with certainty because alternative routes might be similarly affected by increases in CSF pressure.
It can be concluded that CSF drainage across the cranial dural sinus wall is greatly restricted in young rats when compared to more mature animals. This may not have any physiological significance under normal conditions because the CSF production rate is low in young rats. ~.8 It is likely, however, that it will be important during conditions of raised CSF pressure since compensation will occur more slowly than in older animals. A similar high resistance to CSF absorption was found in young mice 9 and it seems likely that this also may apply to other species, including man. In man, simultaneous measurements of CSF and dural venous pressure have necessarily been confined to patients undergoing clinical investigation for hydrocephalus and intracranial hypertension and it is difficult to determine whether the results are normal or pathological. Two studies on infants with hydrocephalus of variable etiology ~4t8 showed that a high proportion had sagittal sinus pressure equal to or greater than the CSF pressure, and most showed a rise in sagittal sinus pressure when CSF pressure was raised experimentally. On the other hand, in a group of adults with raised intracranial pressure, almost all had a positive gradient between the
